Mechanism underlying Chlamydia trachomatis disease pathology is not completely understood. It was hypothesised that dysregulation of extracellular matrix by matrix metalloproteinases (MMPs) might be involved in sequelae of events leading to abortion in C. trachomatis-infected women. Hence, this study was undertaken to elucidate the expression of MMP-2/MMP-9/TIMP-1/TIMP-3 in infected recurrent spontaneous aborters (RSA) and simultaneously ascertain effect of few cytokines (TNF-α, TGF-β1, TGF-β2)/cyclooxygenase-2 (Cox-2) on MMPs. Endometrial curettage tissue was collected from 135 RSA (group I) and 120 age-matched controls (group II) at Department of Obstetrics and Gynecology, SJH, New Delhi (India). PCR was performed for diagnosis of C. trachomatis MOMP/plasmid gene. Expression of MMP-2/MMP-9/TIMP-1/TIMP-3 mRNA was assessed by quantitative real-time PCR. Data were statistically evaluated. 15.6% (n = 21) RSA (Group-I) were diagnosed as C. trachomatis positive. Significant upregulation of MMP-2/MMP-9 and decreased TIMP-1/TIMP-3 were found in C. trachomatis-positive RSA (group I) versus control women (group II). MMP-2 was found positively correlated with cytokines/ Cox-2. Significant positive correlation was observed between MMP-2/MMP-9 and C. trachomatis copy load. Overall data suggested that dysregulated MMPs/TIMPs promoted excessive endometrial matrix degradation which, in turn, affected pregnancy leading to spontaneous abortion in infected women.
INTRODUCTION
The mechanisms of Chlamydia trachomatis disease pathology are not completely understood. Some evidence suggests that dysregulated extracellular matrix (ECM) proteolysis seen during the processes of tissue repair following infection and inflammation (Abu el-Asrar, Geboes and Missotten 2001) may play a key role in the development of fibrotic sequelae of chlamydial infection in humans. With regard to chlamydial infections, the role for matrix metalloproteinases (MMPs) has been proposed in trachoma (Abu el-Asrar, Geboes and Missotten 2001) and enhanced MMP expression has been reported in an in vitro model of human fallopian tube infection (Ault et al. 2002) . It was further shown that ocular C. trachomatis infection upregulates the expression of MMP-9 in human conjunctival epithelium (Burton et al. 2004) and greater MMP-9 activity was found during genital C. muridarum infection in mouse (Ramsey et al. 2005) .
In the female reproductive tract, MMPs play an important role in normal ovulation, menstruation, implantation and placental development (Fata et al. 2000) . However, in certain gynaecological and obstetric diseases, MMPs have been shown to play a pathogenic role. MMP-2 and MMP-9 found to be involved in successful cytotrophoblast invasion in early pregnancy (Moore and Crocker 2012) . MMP-9 levels were found to be elevated in the amniotic fluid of women with preterm premature rupture of membranes (Athayde et al. 1998) . A significant increase in the expression of MMP-9 was found in the endometrium of women with idiopathic recurrent spontaneous miscarriage (IRSM) (Skrzypczak et al. 2007) . A higher expression of MMP-2 mRNA was found in the endometrium of women with recurrent miscarriage (Jokimaa et al. 2002) . It was further suggested that the expression level of MMP-9 mRNA is associated with spontaneous abortion (Jiang and Qi 2015) . Also, an improper turnover of endometrial ECM is associated with disturbances of implantation and functional bleeding (Inagaki et al. 2003) . MMP family members are inhibited by endogenous tissue inhibitors, namely tissue inhibitors of matrix metalloproteinases (TIMPs). MMPs and TIMPs both appear to play some roles in embryo implantation, trophoblast invasion, early placentation and cervical dilatation and fetomaternal membrane lysis in later gestation. Serum TIMP-2 levels were found higher in the patients of recurrent pregnancy loss (Anumba et al. 2010) . Furthermore, a higher expression of proinflammatory cytokines was also found in recurrent miscarriage (Daher et al. 2004) . Cyclooxygenase-2 (Cox-2) is a key inflammatory response molecule, whose expression is induced by inflammatory stimuli such as TNF-α (Medeiros et al. 2010) and has been suggested as playing an important regulatory role in successful implantation. A recent study from our group demonstrated that chlamydial infection leads to the upregulation of Cox-2 in C. trachomatis-positive recurrent spontaneous aborters (RSA) (Singh et al. 2016) . Another study reported decreased expression of Cox-2 resulting in recurrent pregnancy loss (Wang, Zhao and Lin 2010) . In a murine model, it was found that abnormal expression of Cox-2, TNF-α and IL-6 resulted in recurrent spontaneous abortion (Hua et al. 2013) .
Inflammatory cytokines have been reported to induce TGF-β, a multifunctional cytokine with a wide range of physiological and pathological effects (Matsumura et al. 2009 ). TGF-β upregulates MMP-2 and MMP-9 during menstruation (Kim, Kim and Moon 2004) . TGF-β1 is well known for regulating the cytokine network during pregnancy and to maintain a healthy foetus. TGF-β upregulates MMPs (Kim, Kim and Moon 2004) and an alteration in this turnover before implantation has been reported in recurrent spontaneous miscarriage (Jokimaa et al. 2002) .
So, despite a plethora of literature describing the role of MMPs and TIMPs in pregnancy and miscarriage, there is a paucity of data on the expression of MMPs and TIMPs in C. trachomatis-infected RSA; hence, this study was undertaken to elucidate the expression of MMP-2/MMP-9/TIMP-2/TIMP-3 in the endometrial curettage tissue (ECT) and to correlate their expression with cytokines (viz. TNF-α, TGF-β1, TGF-β2) and Cox-2 expression in C. trachomatis-infected RSA.
MATERIALS AND METHODS

Study population and enrolment of patients
The present prospective study was performed with hospital ethical permission and prior informed written consent from each patient. A total of 135 women experiencing recurrent spontaneous abortion in their first trimester of pregnancy (group I) and 120 age-matched healthy asymptomatic first trimester pregnant women undergoing abortion for medical termination of pregnancy (controls; group II) were enrolled in the study. All patients in group I presented with bleeding per vagina, abdominal pain, passage of clots, etc. and underwent dilatation and evacuation for incomplete spontaneous abortion at Department of Obstetrics and Gynaecology, Safdarjung Hospital, New Delhi, India. Those with local causes of bleeding/prior history of genitourinary infection/recent antibiotic therapy/HIVpositivity/TORCH-positivity/VDRL-positivity/history of recently treated sexually transmitted infection other than Chlamydia trachomatis/genital tuberculosis were excluded. Information on obstetric/medical/gynaecological history including last menstrual period, gravidity/parity/abortion history and past genital/urinary tract infection was collected in standardised questionnaires from all enrolled patients.
Collection and processing of clinical specimens
ECT was collected in patients of groups I-II: one part of the tissue was kept in phosphate-buffered saline and transported on ice to the laboratory. The remaining tissue was collected and transported in RNA later and stored at -80
• C till further use. and 200 bp for beta-globin and C. trachomatis MOMP gene and plasmid gene, respectively (Palmer et al. 1991; Singh et al. 2016) . The amplified product was confirmed by electrophoresis on a 2% agarose gel stained with ethidium bromide and visualised under UV transilluminator.
Isolation of genomic DNA
Sequencing of PCR products
After confirmation of C. trachomatis infection in RSA by MOMP/plasmid gene, the PCR products were subjected to sequence analysis. A commercial QIAquick Gel Extraction kit was used to extract DNA from the agarose gel. DNA fragment was excised from the gel with a clean, sharp scalpel and the gel slice was collected in a colourless tube after weighing. Purified product was used for DNA sequencing in an Automated Sequencer (ABI PRISM 3130 XL, Foster City, CA, USA). Resulted sequences were blasted in NCBI through non-redundant blast against C. trachomatis genome database.
Detection of Chlamydia trachomatis in ECT by quantitative real-time PCR
Quantitative real-time PCR (q-PCR) assay was performed on
Step-one plus real-time PCR system (Applied Biosystems) to detect the chlamydial load in conventional PCR-positive ECT samples. To quantitate the copy number of C. trachomatis in ECT, first, serial dilutions (10 000, 1000, 100, 10, 0.1 μl) of AMPLIRUN C. trachomatis DNA control (Vircell Microbiologists, Granada, Spain) were prepared as per the manufacturer's instructions. Briefly, 10 μl of SYBR green master mix, 1 μl of plasmid gene (200 bp) forward primer and 1 μl of reverse primer (Joyee et al. 2003) , 5 μl of Vircell C. trachomatis diluted DNA (Vircell Microbiologists) of each concentration and 3 μl of nuclease-free water were mixed to make up a final volume of 20 μl. The reactions were set in duplicates for each concentration, and standard curve was drawn. By using this standard curve, the chlamydial load was calculated in each ECT sample. The threshold cycle (Ct) value was calculated as an average Ct target genes for each sample.
Quantitative analysis of cytokines (viz. TNF-α, TGFβ 1 and TGFβ 2 ) and Cox-2 by q-PCR
q-PCR assay was performed in ECT for studying the expression of TNF-α/TGFβ 1 /TGFβ 2 and Cox-2 (Slater et al. 1999; Jasper, Tremellen and Robertson 2006) . A total of 10 μl of Power SYBR green PCR master mix, 1 μl of forward primer, 1 μl of reverse primer, 5 μl c-DNA and 3 μl of nuclease-free water were mixed to make up a final volume of 20 μl. All the reactions were set in duplicates. The assay was standardised for the internal control beta actin (β-actin) in the ECT and samples showing consistency with β-actin were selected for real-time PCR studies. The threshold cycle (Ct) value was calculated as average Ct target genes for each sample by using SDS software, and the relative quantification was used to measure gene expression by relating the PCR signal.
Quantitative analysis of matrix metalloproteinase (viz.MMP-2/MMP-9) and tissue inhibitors of matrix metalloproteinase (viz.TIMP-1/TIMP-3) by q-PCR
q-PCR was also performed to study the quantitative expression of MMPs (viz. MMP-2 and MMP-9) and TIMPs (viz. TIMP-1 and TIMP-3) in the ECT by using SYBR green-based chemistry. A total of 10 μl of Power SYBR green PCR master mix, 1 μl of forward primer, 1 μl of reverse primer (Skrzypczak et al. 2007; Jiang and Qi 2015) , 5 μl c-DNA and 3 μl of nuclease-free water were mixed to make up a final volume of 20 μl. The reactions were set in duplicates. ECT samples showing consistency with β-actin were selected for q-PCR. Relative quantification was used to measure gene expression.
Statistical evaluation
Statistical analysis was performed using the GraphPad prism software (version 5.0, San Diego, CA, USA). Fisher's exact test and Mann-Whitney test/non-parametric Wilcoxon matched pairs signed-rank test were used to calculate the significance between the groups. Spearman's rank correlation coefficient was used to calculate the correlation between the expression levels of MMPs/TIMPs, Cox-2 and cytokines.
RESULTS
Detection of Chlamydia trachomatis MOMP and plasmid gene in groups I-II and identification of PCR products by DNA sequencing
In order to investigate whether C. trachomatis infection is associated with recurrent spontaneous abortion, detection of this pathogen was done by chromosomal MOMP and plasmid PCR assay in the ECT of enrolled women. In group I, 15.6% (n = 21) RSAs were diagnosed as C. trachomatis positive for MOMP/plasmid gene by PCR assay. None of the controls in group II was found to be infected by MOMP/plasmid gene (Fisher's exact test; 'p' < 0.0001). PCR products of C. trachomatis-positive patients were purified and sequenced. The resulting DNA sequences were compared with sequences in the NCBI database using BLAST. DNA findings to C. trachomatis pathogen had percent similarity >98%, the best score and the maximum length of alignment between the sequence-positive PCR product and the corresponding sequence in the database.
Quantitative detection of Chlamydia trachomatis by real-time PCR
Furthermore, real-time PCR was performed by using the SYBR green-based chemistry to quantitate the C. trachomatis copies in ECT of groups I-II. Standard curve was obtained by preparing the serial dilutions of C. trachomatis-positive control (Fig. 1a) . Cycle threshold (Ct) values of all the samples were calculated by qPCR and the copy load of C. trachomatis in each sample was evaluated by using the standard curve, plotted by using the known concentrations of C. trachomatis-positive control. A total of 4-12 copies were detected in the ECT of C. trachomatis-positive RSA (Fig. 1b) .
Quantitative expression of cytokines (TNF-α, TGF-β1, TGF-β2) and Cox-2
At transcript level, the analysis of mRNA expression for TNF-α gene within the ECT was compared among patient group as a Fig. 2a ). The mRNAs encoding each of the multifunctional cytokine TGF-β isoforms i.e. TGF-β1 and TGF-β2 were further examined in the ECT of aborters. Analysis of Ct values showed that the TGF-β1 and TGF-β2 expressed significantly at almost similar levels in C. trachomatis-positive RSA (group I) in comparison to group II controls (non-parametric Mann-Whitney test; * * * 'p'< 0.0001; Fig. 2a ). The TNF-α/TGF-β1/TGF-β2 gene was found to be 3-fold, 2-fold and 2.2-fold upregulated, respectively, in C. trachomatis-infected women undergoing RSA (Table 1) .
Cox-2 mRNA expression demonstrated a significant increase in C. trachomatis-positive RSA (group I) in comparison to group II control women (Wilcoxon matched pairs signed-rank test; * * * 'p'< 0.0001; Fig. 2b ). The Cox-2 gene was found to be 6-fold upregulated in C. trachomatis-infected women undergoing RSA.
Quantitative expression of MMP-2/MMP-9 and TIMP-1/TIMP-3 genes
The expression of MMP-2 and MMP-9 genes was studied in the ECT of enrolled subjects by q-PCR and was compared among patient group as a ratio to the expression of the constitutively expressed β-actin gene in C. trachomatis-positive RSA and C. trachomatis-negative RSA. Analysis of Ct values showed that the mRNA expression of MMP-2/MMP-9 was significantly increased in C. trachomatis-positive RSA in comparison to the controls (non-parametric Wilcoxon matched pairs signed-rank test; 'p' < 0.0001; Fig. 3a and b) . Also, the expression of MMP-2/MMP-9 was high in C. trachomatis-positive RSA versus C. trachomatisnegative RSA (non-parametric Mann-Whitney test; 'p' < 0.0001; Fig. 3a and b) . The expression of MMP-2/MMP-9 was also found to be significantly increased in C. trachomatis-negative RSA versus uninfected controls (non-parametric Wilcoxon matched pairs signed-rank test; 'p' < 0.0001; Fig. 3a and b) . Furthermore, the MMP-2 and MMP-9 expression in endometrial tissues of women suffering from recurrent spontaneous abortions was found to be 9-and 11-fold higher, respectively (Table 1) . Analysis of gene expression of the tissue inhibitors of matrix metalloproteinases, i.e. TIMP-1/TIMP-3, showed that the expression was significantly low in C. trachomatis-positive RSA versus C. trachomatis-negative RSA and controls (non-parametric Mann-Whitney test; 'p' < 0.0001; Fig. 3c and d) . The expression of TIMP-1/TIMP-3 was also found to be significantly low in C. trachomatis-negative RSA in comparison to the uninfected controls (non-parametric MannWhitney test; 'p' < 0.0001; Fig. 3c and d) . Furthermore, a 30 times higher ratio of MMP-2/TIMP-1 and 24 times higher ratio of MMP-9/TIMP-3 were also found in C. trachomatis-positive RSA.
Correlation between MMP-2/MMP-9 and TNF-α/TGF-β1/TGF-β2 expression
A correlation was made between the mRNA levels of MMP-2 and TNF-α, TGF-β1, TGF-β2 and Cox-2. A statistically significant positive correlation was observed between TNF-α and MMP-2 expression in the ECT of C. trachomatis-positive RSA (r = 0.54; 'p' = 0.01; Fig. 4a ). TGF-β1 and MMP-2 were also found to be positively correlated in C. trachomatis-positive RSA (r = 0.45; 'p' = 0.01; Fig. 4b ), which means that a higher MMP-2 expression was accompanied by a higher TGFβ1 expression. A positive correlation was also observed between TGF-β2 and MMP-2 expression in these subjects (r = 0.44; 'p' = 0.04; Fig. 4c ). However, the expression of MMP-9 in the ECT was not found to be significantly correlated with TNF-α/TGF-β1/TGF-β2; hence in the C. trachomatispositive RSA, there was no correlation between the expression of TNF-α/TGF-β1/TGF-β2 and MMP-9. The MMP-2/MMP-9 genes were further correlated with Cox-2 gene expression in the ECT. It was found that MMP-2 mRNA level was correlated positively with the mRNA levels of Cox-2 (r = 0.56; 'p' = 0.01; Fig. 4d ) in the study group (C. trachomatis-positive RSA), while there was no statistically significant correlation between the expression of MMP-9 and Cox-2.
Correlation between Chlamydia trachomatis copy load and MMPs
The expression of MMP-2 and MMP-9 were also correlated with the chlamydial load in the ECT of infected RSA. A statistically significant positive correlation was observed between the MMP-2 and C. trachomatis copy load (r = 0.86; 'p' < 0.0001; Fig. 5a ). Chlamydial load and MMP-9 were also found to be positively correlated in C. trachomatis-positive RSA (r = 0.51; 'p' = 0.01; Fig. 5b ).
The results indicate that a greater C. trachomatis copy load leads to higher MMP-2/MMP-9 expression in the ECT of RSA.
DISCUSSION
The maintenance of normal pregnancy is a synergic process between the embryo and mother. Cytotrophoblast cells in normal early pregnancy secrete a large amount of MMPs, thus selectively hydrolysing the endometrial components, while simultaneously generating TIMPs to inhibit MMPs. This maintains the dynamic balance of MMPs/TIMPs within a certain range (Li, Xing and Chen 2006) . Many studies concern the roles of MMPs and TIMPs in the abortion process and confirmed that an imbalance in the expression of MMP-9 and TIMP-3 would affect foetal growth and development and excessive invasion by cytotrophoblast cells is likely to result in miscarriage in early pregnancy (Li, Xing and Chen 2006) . It has been found that the MMP-9 activities in the endometria of women with failed early pregnancy are significantly increased and result in disorders of ECM components. This suggests that MMP-9 is significant in the failure of pregnancy (Inagaki et al. 2003) . MMP-2 and MMP-9 are the main mediators of endometrial ECM turnover during menstruation (Kim, Kim and Moon 2004 ). An abnormally elevated expression was observed in the human endometrium during the receptive phase in women suffering from infertility (Tang, Taylor and Tabibzadeh 2005) . Also, improper turnover of endometrial ECM is associated with disturbances of implantation and functional bleeding and activity of MMP-2 in the implantation window has shown a high expression (Inagaki et al. 2003) . In this study, the q-PCR was used to detect the expression of MMP-2/MMP-9 and TIMP-1/TIMP-3 mRNA in the ECT of RSA patients, with the aim of exploring their correlation with C. trachomatis-induced recurrent spontaneous abortions. Our experiments revealed that MMP-2 and MMP-9 mRNA expression levels in the C. trachomatis-positive RSA were significantly higher than those of controls and C. trachomatis-negative RSA ('p' < 0.0001), suggesting that MMP-2/MMP-9 plays an important role in C. trachomatis-infected RSA. A significant increase in the MMP-2/MMP-9 expression among the C. trachomatis-positive RSA clearly indicates that the endometrium of the RSA produced excessive amounts of MMP-2 and MMP-9. Our results are in accordance with a previous study which reported a higher expression of MMP-2 in the endometrium of women with recurrent miscarriage (Jokimaa et al. 2002) . In contrast, another study found a significant increase in the expression of MMP-9 with no significant changes in MMP-2 in the endometrium of women with IRSM (Skrzypczak et al. 2007) . In a study of rhesus monkeys, MMP-9 was found to be a critical factor for cytotrophoblast invasion into the endometrium and placenta formation and it was also detected that TIMP-3 mRNA was highly expressed in certain endometrial arteries, suggesting an important role in preventing decidual bleeding and abortion (Okamoto et al. 2002) . TIMP-3 has been shown to be the main inhibitor of MMP-9 and a marked increase has been observed in the expression of TIMP-3 during the secretory phase (Maatta et al. 2000) . This study detected the expression of TIMP-3 mRNA in the ECT of controls, and the results revealed that the TIMP-3 mRNA expression levels in the C. trachomatis-positive RSA were low in comparison with the controls ('p' > 0.0001). Previous researchers have demonstrated that the synergic expression of MMP-9 and TIMP-3 is necessary to maintain normal early pregnancy (Iwahashi and Nakano 1998) . The synergy of MMP-9 and TIMP-3 was found to be important in regulating the cytotrophoblast invasion depth in the uterus and embryo implantation (Walter and Schonkypl 2006) . MMP-9 was found to promote ECM degradation and the balance of MMP-9/TIMP-3 may help to maintain normal pregnancy (Li, Xing and Chen 2006) .
In this study, the ratio of MMP-2/TIMP-1 and MMP-9/TIMP-3 mRNA expression in C. trachomatis-positive RSA was significantly higher than that in the control group ('p' < 0.0001). From these results, it may be speculated that the imbalance in the levels of MMP-2/MMP-9 and TIMP-1/TIMP-3 is likely to cause excessive degradation of the ECM, thus affecting embryo implantation and even resulting in pathological spontaneous abortion. Because an increase in MMP/TIMP ratio promotes matrix degradation, a 30 times higher ratio of MMP-2/TIMP-1 and a 24 times higher ratio of MMP-9/TIMP-3 in C. trachomatis-positive RSA suggest excessive degradation of the endometrial matrix which in turn leads to abortion. Also, it was previously found that a 25 times higher ratio of MMP-9/TIMP-1 in IRSM suggested the excessive degradation of the ECM which, in turn, affects proper remodelling of the endometrium leading to IRSM (Banerjee et al. 2013) . However, one limitation of this study is that quantification of cytokine factors, enzymes and inhibitors was not performed. Further translational studies on MMPs/TIMPs/TNF-α/TGF-β1/TGF-β2/Cox-2 could have provided more information on the protein level in these subjects. Although infection with TORCH-associated microorganisms, HIV, syphilis and genital tuberculosis was ruled out in groups I-II, yet other known causes for abortion in women such as Brucella and Coxiella were not investigated since the enrolled subjects did not show any signs/symptoms of these zoonotic diseases.
It has been reported that TNF-α is harmful for pregnancy and a high level of TNF-α was also detected during recurrent pregnancy loss (Daher et al. 2004) . In this study, we found a significant increase in the expression of TNF-α in C. trachomatispositive RSA in comparison to the non-infected controls ('p' < 0.0001). Also, TGF-β1 has profound effect on ECM production and degradation of enzymes and abnormally elevated expression of TGFβ1 was observed in human endometrium during the receptive phase in women suffering from infertility (Tang, Taylor and Tabibzadeh 2005) . Also in the endometria from women with unexplained recurrent miscarriages, a higher TGFβ2 expression was noticed and the study suggested that dysregulated TGFβ-2, MMP-2, MMP-9 and TIMP-1 expression were associated with infertility and early pregnancy loss (Skrzypczak et al. 2007 ). In our study, TGF-β1 and TGF-β2 were found positively correlated with MMP-2 in C. trachomatis-positive RSA ('p' < 0.05), which means that a higher MMP-2 expression was accompanied by a higher TGFβ1 expression. However, the expression of MMP-9 in the ECT was not significantly correlated with the TNF-α/TGF-β1/TGF-β2.
Also, Cox-2 is known to upregulate the expression of MMP-2 and MMP-9 (Itatsu et al. 2009 ). These enzymes are the main endometrial remodelling factors for implantation, and their activities depend on the balance of their inhibitors. We observed a statistically significant positive correlation between the Cox-2 and MMP-2 expression in the ECT of C. trachomatis-positive RSA.
In summary, the MMP-2 and MMP-9 mRNA expression levels of the infected women undergoing RSA were high compared with those in uninfected controls and the MMP-2/TIMP-1 and MMP-9/TIMP-3 mRNA ratio was also high in the infected RSA. A positive correlation between MMP-2/MMP-9 expression and chlamydial copy load clearly suggests that C. trachomatis infection in RSA influences the expression of the above MMPs. Group I subjects with ECT samples containing necrotic tissue were excluded from the study in order to confirm that expression of MMPs in samples was not an effect of tissue necrosis. Thus, the results of this study provide an experimental basis for the clinical investigation of the mechanism of abortion, and also a theoretical basis for the clinical application of MMP-2 and
